Abstract-This paper presents a comparison of isolation converters based on Si, SiC, or GaN switching devices for level-2 integrated onboard chargers. The isolation converters all employ a dual active bridge for bidirectional power flow for the charger and a buck converter tapped off the same transformer for powering the 14V vehicle loads. Design trade-offs and operating constraints are discussed and performance metrics in terms of efficiency and power density and experimental results are included.
I. INTRODUCTION
Silicon (Si)-based stand-alone on-board chargers (OBCs) are widely used in the plug-in electric vehicles (PEVs) and battery electric vehicles (EVs) on the market to charge the high voltage (HV) traction battery packs [1] . These stand-alone OBCs, however, have disadvantages that need to be overcome to promote mass acceptance of PHEVs and EVs. They are not cost-effective because of the large number of components. Their performances in terms of weight, volume, and efficiency are not satisfactory and limited by the operating frequency capabilities of existing Si-based semiconductor and magnetic materials. Low switching frequencies result in bulky and expensive passive components, including inductors, capacitors, and transformers. Moreover, most of the OBCs are unidirectional, i.e. they can only draw energy from the grid to charge the battery but cannot reverse the power flow direction to support the grid or function as mobile power supplies.
The drawbacks and limitations of existing Si-based OBC technology can be addressed by using wide bandgap (WBG) devices and advanced magnetic materials to significantly increase power density, specific power, and efficiency at lower system cost. Emerging WBG devices-including those made with silicon carbide (SiC) and gallium nitride (GaN)-enable significant improvements for ac-dc and dc-dc converters, which are major components of OBCs. These WBG devices' ability to operate with reduced conduction and switching losses over higher frequencies and higher temperatures minimizes requirements for the passive components and reduces cooling demands [2] [3] [4] [5] [6] .
Integrated charger topologies and control strategies for bidirectional OBCs are being pursued to further reduce the cost, weight and volume of OBCs [7] [8] [9] [10] [11] [12] [13] . Fig. 1 shows an integrated OBC that (a) uses the traction drive inverters and motors as part of the charger converter, (b) provides galvanic isolation, (c) provides an integrated function for dc-dc conversion of HVs to 14 V, and (d) uses soft switching at the dc-dc stage to reduce electromagnetic interference and improve efficiency [10] [11] [12] . The integrated OBC is capable of bidirectional power flow, a desirable function for smart grid applications. In addition, the integrated OBC is flexible and can be applied to most traction drive systems, including single/dual inverter and motor, segmented inverter traction drive [14] , and systems with a boost converter. Further, the isolation converter can be used in stand-alone OBCs.
A key component in the integrated OBC topology is the three-port isolation converter that is used to charge not only the HV traction battery but also the 14 V battery for vehicle accessory loads. As shown in Fig. 1 , the isolation converter employs a dual active bridge (DAB) for bidirectional power flow for the charger and a buck converter tapped off the same transformer for powering the 14V vehicle loads. As aforementioned, although most commercial products employ Si-based switches, WBG devices such as SiC and GaN switches, with high switching frequency and low losses are Notice: This manuscript has been authored by UT-Battelle, LLC, under Contract No. DE-AC0500OR22725 with the U.S. Department of Energy. The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others to do so, for the United States Government purposes. The Department of Energy will provide public access to these results of federally sponsored research in accordance with the DOE Public Access Plan (http://energy.gov/downloads/doe-public-access-plan). well suited for the isolation converter to drastically reduce the cost, weight, and volume of the filters and isolation transformer. This paper presents a comparison of three isolation converter designs, all based on the DAB three-port topology but using respectively Si, SiC, and GaN switching devices, for a level-2 integrated onboard charger. Design trade-offs and operating constraints are discussed and performance metrics in terms of efficiency and power density and comparative experimental results are included.
II. ISOLATION CONVERTERS

A. Isolation Converter Design
The DAB is known for high power, isolated bidirectional dc-dc conversion applications [15] . In particular, it is well suited for applications with fixed primary and secondary dc voltages. For an EV battery charger, the battery voltage varies over a wide range depending on the state of charge and design trade-offs and operating constraints need to be considered. In addition, for high voltage Si MOSFETs, soft switching must be maintained to avoid the detrimental effects caused by the diode reverse recovery. Design equations for the DAB are well documented in the literature and are reproduced here for design dicussions. Ignoring the losses and referring to Fig. 2 , the primary peak current, ILP, corner current, ILC, rms current, ILrms, and the power, Po transferred through the transformer between the two H-bridges can be expressed by (1), (2), (3), and (4), respectively.
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is the pseudo-impedance of the leakage inductance; fsw is the switching frequency; LS1 and LS2 are the primary and secondary inductance, respectively; n is transformer turns ratio; V1 and V2 are the primary and secondary dc voltages, respectively; dps is the ratio of the phase shift angle, over . Note equations (1) and (2) are for V1 nV2, and need to be swapped if V1 < nV2. This paper focuses on comparison of Si, SiC, and GaN based isolation converters for a level-2 integrated onboard charger on design trade-offs, operating constraints, and performance metrics. The comparison and experimental results are drawn from a 5.2 kW Si super-junction MOSFET-based isolation converter switching at 40 kHz, 6.8 kW SiC MOSFET-based isolation converter, and 6.6 kW GaN FETbased isolation converter, both switching at 100 kHz. Details of the converters are given in the following sections. As the DAB produces the minimum peak current when the primary dc bus voltage is matched with the transformed secondary dc bus voltage, a turns ratio for the transformer is chosen to match the fixed primary dc voltage with a secondary voltage near the midpoint of the battery operating voltage range. This also leads to rather symmetrical peak current lines when drawn against the charging voltage. Fig. 3 plots the primary and secondary peak and rms currents and output power vs. battery charging voltage at the respective rated power for the three converters and at a fixed primary dc bus voltage of 375 V. As the battery operating voltage moves away from the valley point determined by the transformer turns ratio, the primary and secondary peak currents increase quickly, while the rms currents increase at a much slower rate, to maintain the rated charging power. The minimum-current voltages are 325 V for the Si converter and 320 V for the SiC and GaN converters. The peak currents may need to be kept below the saturation currents of the external resonant inductors, which can be accomplished by limiting the phase shift angle. This comes at the expense of reduced maximum charging power at both ends of the battery voltage range. Fig. 4 plots the power, primary and secondary peak and rms current vs. battery charging voltage with the primary peak current limited below 30 A and the secondary below 35 A for the three isolation converters. The reduced charging power at the low-voltage end may not be an issue since batteries are usually charged with a constant current at the beginning.
The primary dc voltage can be adjusted to help reduce the peak current as shown in Fig. 5 . This can be advantageous to SiC MOSFETs-based converters due to their higher voltage ratings. The maximum primary dc bus voltages are 410 V for the Si and GaN converters and 500 V for the SiC converter. 
B. Si Isolation Converter
The 5.2 kW Si-based isolation converter design uses superjunction silicon power MOSFETs rated at 600 V and a planar transformer. Fig. 6 shows photos of the isolation converter (a) and planar transformer assembly (b). The planar transformer is designed for operating at 40 kHz and constructed using two flat E-cores of 3C94 ferrite material and heavy copper printed circuit boards (PCBs) for the HV primary and secondary windings and one 14 V winding. The planar transformer measures 12.7 cm x 6.35 cm x 1.98 cm. All the components are mounted on an alumina cold plate with a foot print of 15.24 cm x 17.78 cm. Two gate driver PCBs are then mounted directly over the MOSFETs to eliminate wire connections between them. In addition, a control PCB using a Texas Instruments (TI) TMS320F1208 fixed-point digitalsignal-processor (DSP) controller is located on the top. Fig. 8 shows photos of the 6.8 kW SiC-MOSFET isolation converter and some of the major components. It comprises a primary switch PCB and its gate driver board, a secondary switch PCB and its gate driver board, a 14 V converter board, a DSP control board (top), and a planar transformer assembly. All the components are mounted on a 17.78 cm × 12.7 cm heat exchanger. The design employs SiC switch phase-leg modules rated at 1200 V and 100 A, fabricated on in-house-designed direct bond copper substrates using Cree SiC MOSFET and Schottky barrier diode dies. The converter is designed for operating at switching frequencies of 100 kHz or higher and two small, customized E-cores of 3F3 ferrite material are used in the planar transformer. For the control PCB a TI TMS320F2809 fixed-point microcontroller was chosen to implement the battery charging voltage and current control loops due to the microcontroller' micro-edge-positioningbased high-resolution pulse width/phase shift capability (180 ps vs. 10 ns for normal resolution).
C. SiC Isolation Converter
The converter was tested at switch frequencies of 100 kHz, 200 kHz, and 250 kHz. 
D. GaN Isolation Converter
Because of the HV rating of 650 V and normally-off nature, the GaN switches made by GaN Systems [17] were chosen for the GaN isolation converter design. The following characterization tests were performed, and design data were collected for use in designing the 6.6 kW GaN isolation converter: (1) static characterization tests, (2) switching pulse tests for switching losses, and (3) H-bridge converter tests for efficiency vs. load power at various dc bus voltages and switching frequencies of 100 kHz and 200 kHz. A static characterization test setup was designed to facilitate the tests [16] . Test results indicated a relatively low threshold voltage (~1.4 V), which must be considered in designing gate drive circuits for these switches. Results on spread of on-resistance were used to select and match the switches for use in the isolation converter design. Fig. 10 shows photos of the 6.6 kW GaN isolation converter prototype and some of the components. The converter has dimensions of 16.76 cm × 8.13 cm × 4.57 cm. In producing the final design for the GaN isolation converter, the following optimization steps were taken: (1) losses in the ferrite cores and copper winding were analyzed to determine transformer core size and number of turns for minimizing the total transformer losses and (2) PCB trace layout simulations were performed for the primary and secondary transformer to minimize the parasitic inductance for the H-bridge converters.
A compact, thin aluminum pin-fin cold plate (measuring 8.08 cm × 10.62 cm × 0.95 cm, and 4 mm thick for the cooling plate) is used in the GaN isolation converter. The cold plate was designed using finite element thermal analysis and fabricated using 3-D printing, which is well suited to handle the pins of fine geometries. The GaN devices were soldered using a reflow oven on two transformer winding and power plane boards and then mounted on both sides of the cold plate. Measures were taken to ensure the GaN devices were flush at their top sides after soldering to make good contact with the cold plate. The gate drive circuit and PCB layout were designed with emphasis on minimizing gate loop inductance. Again, two small, customized E-cores of 3F3 ferrite material are used in the planar transformer. The TI dual-core chip, TMS320F28377D, was used to implement high-speed, high-resolution PWM control loops. The 6.6 kW GaN isolation converter was tested with a resistive load bank at different switching frequencies. Fig. 11 shows typical operating waveforms at the switching frequency of 100 kHz. Measured peak efficiencies are 99.0% at 100 kHz and 97.5% at 200 kHz.
III. COMPARATIVE EXPERIMENTAL RESULTS
The isolation converters were tested with a resistive load bank at different switching frequencies. Fig. 12 shows comparison of efficiency vs. output power. The SiC and GaN converters have similar efficiency but higher numbers than the Si-based counterpart despite switching at a 2.5 times higher frequency. Table 1 gives a comparison of weight, volume and peak efficiency for the three converters. Compared to the Si-based isolation converter, the GaN-based converter achieved a 53% reduction in volume, 79% reduction in weight, 170% increase in power density and 500% increase in specific power. The numbers for SiC converter are respectively 24%, 28%, 72%, and 82%. The device and converter packaging of the GaN converter has contributed significantly in the reduction of weight and volume. The SiC and GaN isolation converters were integrated with a 100 kW segmented inverter to test their functionality as integrated OBCs. The segmented inverter was built using six 1200 V, 120 A dual-pack SiC MOSFET modules. 3-D-printed parts were used to make the inverter easily reconfigurable as a dual three-phase inverter or a segmented three-phase inverter. In addition, an induction motor with ratings of 14.92 kW, 230 Vrms, and 45.4 Arms were used as a traction motor in the tests. The motor has two sets of stator windings with all leads accessible and thus is well suited for the segmented inverter.
The Si isolation converter was test with a 55 kW IGBT segmented inverter and the same motor. Fig. 13 shows comparison of system efficiency of the integrated OBCs with the Si, SiC, or GaN isolation converter vs. output power at an input ac source of 240 V. Again, the SiC and GaN converterbased OBCs have similar efficiency but higher numbers than the Si-based counterpart despite switching at a 2.5 times higher frequency. 
IV. CONCLUSION
Compared to the Si-based counterpart, SiC and GaN devices can significantly reduce the weight and volume and increase the efficiency of the dual-active bridge-based isolation converter and the integrated OBCs for PEV and EV applications. Moreover, it is shown packaging optimization for the switching devices and converters has a significant impact on power density for the WBG device-based converters. Design trade-offs and operating constraints must be considered for the dual-active bridge-based isolation converter due to the need of operating over a wide range of battery voltages.
